Preliminary results obtained by the COMPASS experiment for longitudinal-spin-dependent azimuthal asymmetries in single-hadron muoproduction off protons are presented for the first time. The analysis was carried out on the full data sample collected by COMPASS with longitudinally polarized proton (NH 3 ) target in 2007 and 2011 using 160 GeV/c and 200 GeV/c muon beams, correspondingly. Within QCD parton model approach extracted asymmetries are giving access to the specific convolutions of certain transverse-momentum-dependent twist-2 and higher twist parton distribution functions and fragmentation functions. In order to access different features of the involved distributions, the asymmetries are extracted as functions of different kinematic variables for both positive and negative single-hadron productions. The significant amount of collected data and wide kinematic range give unique importance to the results. Obtained asymmetries are compared with previous measurements performed by HERMES experiment and with available model predictions.
Introduction
Within QCD, quark transverse-momentum-dependent (TMD) parton distribution functions (PDFs) play an important role in the theoretical description of high energy reactions providing a three-dimensional picture of a fast moving nucleon in momentum space. Recent decades were marked by strong interest and significant progress in both theoretical and experimental studies of spin-(in)dependent TMD PDFs, for recent reviews see Refs. [1, 2, 3] . In QCD parton model approach at leading order (LO) the spin and quark-transverse-momentum structure of the nucleon is fully described by eight twist-2 TMD PDFs [4, 5] . Going beyond the leading order approximation, sixteen twist-3 PDFs related to quark-gluon correlations have to be introduced already at the first sub-leading accuracy level [5] . The whole set of leading-and subleading-twist TMD PDFs of the nucleon can be accessed through measurement of the spin (in)dependent azimuthal asymmetries, arising in semi-inclusive hadron production in deep-inelastic lepton-nucleon scattering, N → h X (hereafter referred to as SIDIS).
When applying the TMD factorisation [6] for the SIDIS cross sections, asymmetries are interpreted as convolutions of different TMD PDFs and quark fragmentation functions (FFs) which describe (un)polarized quark fragmentation mechanisms. In the gamma-nucleon system (γ * N) adopted in this Letter, the general expression for the cross section of unpolarized-hadron production in polarized-lepton SIDIS off a polarized nucleon contains three target spin independent, four longitudinal and eight transverse target-polarization-dependent modulations in the azimuthal angles of the produced hadron and that of the target spin vector [4, 5] . Schematic view of the γ * N coordinate system is presented in Fig. 1 for the case when nucleon is polarized longitudinally w.r.t. the beam. It is a right-handed coordinate system defined by the virtual photon direction (z axis), lepton transverse (w.r.t the z-axis) momentum direction (x axis), and respective normal vector (y axis). Symbols l, l and q represent the four-momenta of the incident and outgoing leptons and virtual photon (γ * ), respectively, while vectors p and p T denote the momentum and the transverse momentum of the produced hadron h. The angle φ h defines the azimuthal orientation of the hadron momentum with respect to the lepton scattering plane calculated about the virtual-photon momentum direction. In the introduced framework, S L (S T ) is the longitudinal (transverse) component of the target polarization vector S, while P L stands for the longitudinal component of the target polarization w.r.t. the beam direction.
Choosing the virtual-photon momentum as a reference for definition of the target polarization is a natural basis for theoretical description of γ * N sub-processes. Another reference is the lepton beam direction ( -axis) which is more relevant from the experimental point of view since the target is usually polarized longitudinally or transversely w.r.t. the beam axis. The values longitudinal and transverse w.r.t. -axis polarizations are defined by the experimental setup, whereas S L and S T depend on the orientation of the virtual photon, hence on the kinematics of each individual DIS event. As shown in Fig. 1 , the two polarization definitions are related via rotation by the angle θ , the polar angle between the incoming beam direction and the virtual photon direction. As a result, for arbitrary target polarization with respect to the incoming beam direction, the polarization vector defined with respect to the virtual photon direction will have both transverse and longitudinal components (see e.g. Fig. 1 ). This means that target -axis polarization asymmetries ( -asymmetries) measured in experiment also contain a mixture of contributions from both γ * -axis polarization components (γ * -asymmetries). In the discussed case when the target is polarized longitudinally w.r.t. incoming lepton, the transverse spin component lies in the lepton-scattering plane leading to φ S = 0, or φ S = π (depending on the target polarization direction) and is given by the relation S T cos φ S = − sin θ P L . Using standard SIDIS notations [4, 5] the angle θ is given by the relation, sin θ = γ
is the ratio of longitudinal and transverse photon fluxes and γ = 2Mx/Q. In COMPASS kinematics sin θ is small ( sin θ ≈ 0.04, sin θ < 0.15) and thus the S T component is kinematically suppressed.
Following general considerations the SIDIS cross section for γ * N-system and longitudinally (w.r.t. lepton beam) polarized target can be written in a following model-independent way [4, 5, 7] :
Throughout this Letter
asymmetries are defined as the amplitudes of the corresponding azimuthal modulations w(φ h , φ S ) divided by the spin and azimuth-independent part of the SIDIS cross section, the effective proton polarization 1 and corresponding depolarization factor 23 . Here, the subscript X indicates the state of the lepton polarization, λ , (either U-unpolarised, or L-longitudinal), while Y stands for the target polarization (L-longitudinal or T-transverse) and Z indicates the reference axis for the target polarization ( or γ * 4 ).
The cross section in Eq. 1.1 contains six (one azimuth-independent and five azimuthal) target longitudinal-spin-dependent asymmetries (LSAs) which is by two more than in the case of the pure γ * N cross section [4, 5] . The two extra terms, sin 3φ h and cos 2φ h (underlined and marked in green), arise due to non-vanishing transverse γ * -axis polarization component. For the same reason other four -LSAs have an admixture from specific transverse-spin-dependent asymmetries (TSAs). Similarly, -TSAs measured in SIDIS are getting mixed with LSA-contributions. Introducing such admixtures is a complication for theoretical models and phenomenological global fits which operate with pure γ * N-inputs. However, the experiments performing -asymmetry measurements with both longitudinal and transverse target polarization can provide direct access to γ * -LSAs and TSAs. For instance, using the following transformation [7] :
1 effective polarization includes the dilution factor f which describes the fraction of polarizable material in the target 2 in Eq. 1.1 depolarization factors are the ε-dependent coefficients standing in front of the asymmetries 3 the double-spin asymmetries in addition are corrected for the beam polarization 4 for simplicity Z = γ * labeling of γ * -LSAs in most of the cases is omitted both in the text and in the plots allows to reconstruct γ * -LSAs combining the information from measured -LSAs and -TSAs. Following this structure, Table 1 lists for each measured -LSAs from Eq. 1.1 corresponding γ * -LSAs, C(ε, θ ) mixing coefficients and -TSA admixtures. Table 1 : List of LSAs, their TSA-admixtures and C(ε, θ )-factors.
The A
is the only azimuthal LSA arising in the SIDIS cross section at leading order 5 . It gives access to the convolution of so far unknown h ⊥q 1L TMD PDF, which describes transversely polarized quarks in the longitudinally polarized nucleon, and the extensively studied Collins fragmentation function, H ⊥h 1q [2, 3] . Following Eq. 1.2, the pure γ * -LSA can be extracted by correcting measured asymmetry for the TSA-admixture, which in this case is represented by A
coefficient (see Table 1 ). At the twist-3 level polarized structure functions associated to these two LSAs include four individual contributions given by couplings of specific twist-2 and twist-3 PDFs and FFs [5] . Keeping only the contributions involving twist-2 FFs, the A sin(φ h ) UL asymmetry is described by a combination of two such couplings:
The next two azimuthal
, where D h 1q is the ordinary fragmentation function. The x f ⊥q L is a T-odd TMD PDF that can be interpreted as the twist-3 analog of the Sivers function, while xh q L is a chiral-odd PDF which enters in convolution with Collins FF. The contributions coming from both twist-3 PDFs have been recently calculated in two different spectatordiquark models [8] . Applying the widely adopted simplification known as Wandzura-Wilczek approximation (WWA) [9] the A sin(φ h ) UL simplifies to just one twist-2 constituent, h
asymmetry is related to the same convolution and thus the measurement of these two LSAs can serve as an important contribution for the study of relevant twist-2 and twist-3 PDFs and the general validity of WWA. TSAs. All aforementioned LSAs have been studied by HERMES and CLAS collaborations with proton target [11, 12] and by COMPASS experiment on deuteron target [13] . Similar measurements were done also for the TSAs [14, 15, 16, 17, 18] . In this Letter preliminary COMPASS results for all six proton longitudinal-spin-dependent asymmetries (four γ * -LSAs and two -LSAs) will be presented. The asymmetries are corrected for TSA-contributions and carefully studied for possible systematic effects. Obtained results are given in various kinematic representations in order to provide more detailed input for relevant studies of involved TMD PDFs and FFs.
Data analysis
The present study is based on COMPASS data taken during nine weeks of data-taking in 2007 and eleven weeks in 2011 using a naturally polarized µ + -beam of nominal energy of 160 GeV/c and 200 GeV/c , respectively, and a three celled (30 cm, 60 cm, 30 cm) longitudinally polarized ammonia target. The data of both years were scrutinized separately by various stability and quality tests.
In order to ensure the DIS-regime the negative square of the virtual photon's four momentum, Q 2 , is required to fulfill the condition Q 2 > 1 (GeV /c) 2 . Contributions from exclusive nucleon resonance production are suppressed by the restriction on the invariant mass of the γ * N system, W > 5 GeV /c 2 . The Bjorken scaling variable is limited to 0.0025 < x < 0.7. Furthermore, the fractional energy of the virtual photon is limited to 0.1 < y < 0.9. Here, the upper y cut rejects events, where radiative corrections become not negligible, while the lower y cut removes the elastic tail and rejects events, where halo or background muons are misidentified as scattered muons.
To ensure a good resolution of the measured angle φ h , the transverse component of the momentum of the hadron is required to satisfy the criteria p T > 0.1 GeV /c. The fractional energy of each hadron is limited to 0.1 < z < 1.0. The asymmetries were extracted for three z intervals: All six -LSAs entering in Eq. 1.1 are extracted in bins of x, z and p T using one-dimensional "Quadruple Ratio" method [14] . Obtained asymmetries are then corrected for depolarization factors, dilution factor and target and beam (only double spin LSAs) polarizations. The correction factors are shown in Fig. 3 as extracted from the data. -transition from -to γ * -asymmetry. specified in Table 1 . The impact of such transition is shown in Fig. 4 Results for all five azimuthal LSAs integrated over the entire kinematic range are shown in Fig. 7 . The two panels correspond to different x-ranges (top panel: full x-range, bottom panel: x > 0.032). Finally, in Fig. 8 the LSAs obtained by COMPASS (x-dependence only) are superimposed with available theoretical predictions [10, 19, 20] and the experimental results obtained previously by the HERMES collaboration [11] .
The azimuth-independent A LL asymmetry shown in Fig. 5 (top left panel) as expected exhibits strong x-dependence well described by models, see Fig. 8 . At the same time the z and p T dependences of the LSA appear to be rather flat. As suggested in Ref. [10] , flat behaviour of the A LL as a function of p T could point to the similarity of the average quark transverse motion inside unpolarized and longitudinally polarized nucleons.
Apart from the well-known large effect for A LL -asymmetry, all other LSAs according to various model predictions are predicted to be small both at COMPASS and HERMES kinematics, reaching maximal values of 4-5 percent in the region of large x (x > 0.1) [10, 19, 20] . At COM-PASS the only azimuthal LSA which exhibits clear non-zero behaviour is the A sin(φ h ) UL subleading amplitude. Presented in Fig. 7 mean A sin(φ h ) UL LSA for positive hadrons is about nine standard deviations above zero. This measurement for positive hadrons confirms with much higher precision the previous non-zero observations made by the HERMES collaboration [11] (see Fig. 8 top right  panel) . It worth to note that the effect is expected to be larger at HERMES due to smaller values of Q in the given x-bin (because of its subleading nature, the A sin(φ h ) UL LSA is suppressed by Q −1 pre- term is the only azimuthal LSA arising in the SIDIS cross section at leading order and thus doesn't suffer from Q −1 suppression-factor. Nevertheless, the asymmetry comes with kinematic pre-factor which effectively leads to relative ∼ | p T |-suppression of the effect. At large x there are some hints for a small and statistically unclear (about 1.5-2 standard deviations away from zero, see Fig. 7 ) "mirror-symmetric" effect for oppositely charged hadrons. This agrees with model calculations [19] predicting small asymmetry with characteristic mirror-symmetric " Collins- [10, 19, 20] are shown for a comparison.
In this Letter the preliminary COMPASS results of SIDIS measurements of the longitudinalspin-dependent asymmetries are presented for the first time. Compared to the similar studies published by the HERMES [11] and CLAS [12] collaborations, COMPASS results are characterized by an unprecedented precision, covering much wider kinematic range. These new data are the best currently available input for modelling and theoretical studies of longitudinal spin structure of the nucleon.
